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V3STRACT 
in Sciic aqueous ammonium nitnate media, the rate law for th 
reolacerient of ammonia in tetrarminepallavium (ID) was fount tron vl 


Measurements to be eaproximately 
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were found to ve a: proximately 4.6 x 10° for Ky and COs ott for Ko 
when IY was assimed to be water, an? 2.4 x 1c! for K, and 7./ x 1™ for 
An wen T was assum:d to be nitrate ion. 

aAbser, tion spectra showed peaks for Pd (NH) ) Clo at 295 we (6 
2) and for Pa( NH \5C1, et 370 ma (€ = 17&). In addition, all] solu- 
tions cou.taining a palladium-ammonia complex showed intense absor»rtion 


at wave lenyths below approximately 2h) my . 


the writer wishes to express his appreciation for the ~sziistance and 
encouragement given him ty Professor Richard #. Reinhardt of the u. ©. 
Naval Postgraduate School in this investigation. 
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TABIC. wi “SiMsekS 
The concentration that would have resulted from the 
total hycroren ion in solution if no reaction occurred. 


5 Oty ° a LJ a) 
[2 I, less the change in concentr2ition resultin,g from 


Mie myarogen L0n Beemigeg, to neutralive the ammonia 
rw] o- [w] 


-y> e * ° a 
& i, Se ee ee in CONCEMtration result.in, from 
c 
the eeeeeeeOn required to complete the tirst step of 


the substitution in the reaction. 


fat]. - Praamy, 73 
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Gir » 3h a 


The last measured value of hydrogen ion concentration 


Tor" 2 pay eleular Tun. 
concentration in millinoles per liter. 


Vee Ss eraciveally extrapolated to time of zerc fron 


plots of hydrogen ion versus time. 
Extinction coefficiert 
Nitrate ion or water 
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I. Etrodgetion 
bichlorodianminepallidiam (II) can be prepared by the following 


Peres Of reactions [ 11] 


PdCl, + 201” = PdCl, (1) 


F oan Y 
ro 
~~ 


PPagee > 1iR, = PuCNH,), Pdol, (s) + Lci- 
7 Py eo, 4 (Bt 


chs ; sy - 2 core VT = 
Pa( 431) Pd] (s) + UNH, 2ed(lH,), Seem (3) 
Pd(NH,)) ~ 2H” + 2017 = Pa(NH,), Cl,(s) + 2HH,” (hi) 
site aes Bee: me sig 


in 3a preliminary study, and under a limited range of conditions, Rein- 
harat [15 | found that in the initial stages of the reaction (eq. 4) the 
rate was independent of the concentration ot hydrogen ion. This observa- 
tion aroused interest as to the nature of the kinetics of this reaction. 

Dinitratodiamninepalladium (II) can be prepared in solution by 
replacing the chloride ion in equation with nitrate ion[ 11]. 

Banerjea and Tripathi (8 } reported on the rates of stepwise substi- 
tution of chloride and nitrate groups in trans-dichlorvudiamminepalladiun 
(II) and other similar palladium compounds by various reagents of dif- 
fering nucleophilic character. The reactions, followed by conductance 


measurements, were found to be of the S,2 tyne with the rates decreasing 


N 

in approximately the same order as the nucleophilic character of the 

incoming groups. Most of the reactions were found to be very fast, with 
ae ; .; O 

the majority reaching completion in less than one minute at 36 C. 


Bassolo, Gray, and Pearson [ 9] reported a xinetic study of the 


replacement of a ligand Z in platinum (II) and palladium complexes of 





the tyme Mfdien)Z and M(tripy)Z~ by pyridine in aqueous solutions. 
These reactions were also tollowed by measuring changes in the el«c- 
frwea) COnmmuerivity Of the solutions. ‘for the gyeiiaeiun complexes, 
when 2 was a4 haloger, the calculated fini» value of conductivity was 
reached within 1) seconds at 2©.1°C for most of the runs. 

From studies on dichlorodiamminepalladium (II), reinhardt reported 
43! that the replacement of one of the chloride ions by water is a 
Stepwise reaction. 

Since these studies showed the reactions to be very fast, the pro- 
nosed methods of analysis for this study were limited to rapid instrui- 
mental types which could be made directly on the reacting solution. 


The most promisiny types were potentiometric and spectrophotometric, 


with measurement of the pH of the solition as the favored method, 


NS 





Il. Experinsental Procedure 

Nince the reactions (ea. 2 and 3) leading to the formation of 
tetramiinepalladium (II) ion vroduce free chloride ions, some method 
was sourht to eliminate the chloride ion at this point in the prepara- 
tions Sweet nis im mince, feasibilaty studies were made on a system to 
produce tetrammincpallacium (II) nitrate. Drew, et al. ra] prepared 


this compound by the following reactions: 


\ 


Pd(NH,)) PAC], + 2AgNG; = PACH )) (NW9,), + AgpPACl), (S) 


Pd(NH3)),° ot eagle, = Pd (0H, )) (N03), + 2AgC1 (6) 


However, to eliminate any complications produced by any silver ion 
remaining in solution when the chloride ion was added (eq. kL‘, it was 
decided to prepare Pa(NH)) (N53) 5 by adding excess amnonii to Pd(193)o E 
When ammonia was added to Pa(N3} 5 dissolved in distilled water, an 
extremely fine brown precipitate formed, which was believed to be an 
oxide of palladium. Following removal of this precipitate, the solution 
Was acidified with excess HCl anc the reaction followed with a Zeromatic 
pi meter, The Pd(NH 4014 desired was obtained and the pattern of the 
change in the hydrogen ion concentration apreed very well witn that 
found in initial studies of the preparation of se ae by equations 
2, 3 and 4. Therefore all of the following studies were comucted on 
Cie matrate sysSwem, 

A ea, eS stock solution was prepared by dissolving five 
erams of Pd(NO3)o obtained from Fisher Scientific Company, in 590 nl. 


of water. Then an excess of NH3 was added, followed by gentle heating, 





after which the solution was allowed to stand for an hour. After the 
solition was warmed, the fine brown precipitate formed. Nitric acid, 
which had been boiled to remove the Np, was then added in sufficient 
quantity to reduce the pH to ©.97 2 ).)2. The fine precipitate was 
then removed by first filtering through an asbestos mat with suction, 
followed by a second filtration after the filtrate had been mixed with 
some diatomaceous silica filter aid (Celite). The solution was dilated 
to 200) ml. and then analyzed for palladium usins dimethylglyoxime to 
nrecipitate the palladium. 

The dimethylglyoxime (DMG) solution was prepared by dissolving %.3 
gram DMG in 99 ml. of 95% ethyl alcohol. To each 25 ml. aliquot of 
Pd (1li31), (093). stock solmmtioy, 2 ml. of acetis acid and 25 ml. of the 
UMG solution were added. The resulting solution was then diluted to 
300 ml., warmed gently and allowed to stand for at least one hour. The 
precipitate was filtered through a sintered glass crucible using suc- 
fon. ALter testimpevde tiltrate for incompmeve precipitation, the 
precipitate was washed first with a one percent HCl solution and then 
cold water. The precipitate was then dried in an oven at 100°C for 
periods of one hour until constant weight was achieved. The masses of 
the precipitates, as determined on a Mettler type K-16 balance (accurite 
to * 0.)0N02 prans) [16], were 9.92598 rrams, 9.92690 grams and |). 3213 
grams. An average value of 0.0260 grams was used in the calculation. 
The concentration of palladium in the Sstocx solution, as determined by 
using 7.31¢7 as the theoretical factor, was 3.))1 x 13M, 

The amount. of NH) NO 3 in the PAC HH.) (95, stock s lition was 


determined ty evaporating to dryness a ¢5 ml. sample of tne solutior and 





weighins the residue. The masses of the residue were 1.°769) grams, 
1.57%91 grams ane 1.57698 rrams. An average value of 1.57693 grams was 
used in the calculation. The quantity, of Pd(NH4)) (id) 5 correspond- 
ing to the concentrition of palladium determined ahove, was subtracted 


and the remainder was Ni) M3 Thus the NH) NO4 was ).//039 M. 


The nitric acid solutions used in the runs were titrated ariinst 
a commercial brand (Hellire Certified Reagent) 7.199) N sodium hydroxice 
Seietion. 

All oH measurements were made with a Reckman model GS pH meter 
(Ser. #173486) with a general purpose external shielded glass electrode 
(*49L98) and a fiber type external shielded calomel electrode (#39179). 
This instrument has a sensitivity and reproducibility of 2.9925 pH 
units 7. At 25.9°C the pil of the sample measured by the GS pH meter 


is calculated hy 


pH. = pH 9.9933°1(r, - rs) (7) 


where; pH. pH of sample 


pi of buiter 


ae 


duodial reading for the buffer 


- 
il 


duodial reading for the sample. 


Prior to each run the model GS pH meter was calibrated with stan- 
dard commercial buffers. Due to lack of availability of tuffers and 


tne pH range to te coverec, various brands of buffers had to be used. 


-= 


a 


<u 


ne buffers used were: 





a. plvdrion pH 3.99 (4.90) * 9.95.9 26.9°C 


Ww. @eexman pH 7.92 = 1.92 # 2).0°C 
pet. )) * VapeMeees. 70 
oH O.¢7 * QGP mae, 9°C 


ec, Coleman <H 3.91 (4.91) £ 2.71 9 2°.9°C 


oH 3.97 (ig bt @ 30.0°C 


All of the reactions were run ina small water tath using a Frisher 
electronic control relay and a Philadelphia microset tiernostat, which 
mela the temperature at 26 .0°C *~ 7.92. The stock solutions were kept 
in the same water bath. This redaced the time required for the sclu- 
tions used ina run to attain the operating temperature, and also 
reduced to a minimum any errors in volumetric measurements. 

The procedure for e2ch run was as follows: 

a. The model GS pH meter was turned on and allowed to warm up. 

o. 4 150 ml. beaker which had been cleaned, dried in an oven and 
placed in the water bath was partially filled with buffer solution. 

c. The electroces were rinsed with distilled water, driéd with 
tissues and pliced in the buffer solution. 

d. The pH meter was read until a constant cuodial reading for the 
buffer was obtained. This usually took 1°-3) minutes. 

e. The Pa (NH) solution and sufficient water to make s total of 
WO ml., less the amount of acid to be added liter, were pipatted into 
another cleaned ami dried 150 ml. beaker. The pinettes were rinsed 
three times witn the solation to be measured prior to transferring the 
solution. Following every transfer the pipettes were allowed to Crain 


for 20 seconds. 9 





f. The electrodes were removed from the buffer solutio:., rinsed 
with distilled water, dried with tissues and placed in the solution 
from (e), which was now in the water bith. 

ge. The a»ove solution was allowed to stand in the water bath 
about 15 minutes to insure that it was again at 25.)°C. During this 
time tne acid solution was removed from the bath and the pinette 
rinsed. 

h. Tne acid was then added an? the electric clock started when 
the pipette bulb was a»proximately half empty. 

i. The pipette was allowed to crain and the solution was stirred. 
By the time the pH meter could be balanced the earliest reading that 
could be mide was one minute after starting the clock. The times of 
subsequent readinys are shown in the tables in the appendix. The 
reaction solution was stirred manually by means of a curved glass 
Stirring rod at least once between eacn reading for the first ten min- 
utes and thereafter at rrequent intervals during the remaincer of the 
on. 

In order to obtain a reasonatle change in pH of the reaction solu- 
tion, with the relatively low concentration of Pa(NH, )) » all but two 
runs were cenducted with the initial concentration of hycrogen ion and 


++ ‘ 
yy, of the same order of magnitude. The other two runs were con- 
b 


ais 


aQ( JH 
tLe 


uct 


OF 


y isolation with the hydroven ion as the limiting reactant. 

Tne concentration of ammonia in the reaction solution was cor:puted 
from the measured hydrogen ion concentration of the Pd(NH3))” stock 
Solution, using the equilibrium relation for 


NH + HY ==} MH,* , K = 1.774 x 107 [6] (8) 


aA 





Since the concentration of ammonium ion was already known, the amnonia 
conce: tration was easily cetermined. However the calculated armonia 
concentration is extremely sensitive to a very small variation in the 
measurea value of hydrogen ion concenir:tion. 

A limited number of runs were conducted on a Reckman model DU 
Spectrophotometer. <A hydroyen arc lamp and matched silica cells (path 
leni:sth of 1.909 cm.) were used to study absortance in the range of 
c2u-h00 ma. A calibration over the range concerned, showed the two 
cells to be matched within the reacing accuracy of the instrument. 
Distilled water wzs always used in the reference cel]. These runs were 
eeemesd to provide intemmatiOnwas to the rate of form:tiorn of 


PC(NH,).Cl, from absortance measurements over a period of time. 
a 


a) 
Be 





lil. Expermeental Results 


a 


ih. Absorption cpectre 


The results of the exrerimental runs are; 


oe, 


wesemliron oc hk. yet x Ip ‘| Pa(h, i prepared by equations ], 


bt 


2 and 3 showed absorbance (lo, ~0) peaks of ).990 at 295 mz and an 


i 

increasing absorbance at 223 me (curve &, fig. 1). 220 mys is the 
lower liyit of the sote] BDU spectrophotoreter. Boreaba [5] reported 
the major absorption neak of Po (NH), C1. dissolved in water as 29, mu . 

b. The solution fron (a) was acitlified with excess HCl and allowed 
to stand until PACH) C14 erystals anpeared, Fxamiration of the sole 
tion showed absorbance neaks of 0.7 at 377-395 ma, 1.PO0S at 775 me 
anc wgpeater than 3.D)betueer 20 and <hO mg (curve B, fir. 1). 
Cc. 4 saturated solution of PAC NE 3) CL, crystals dissolved in 
Gistilled water s}.ow:d an absorbance peak of 17.20) at 370 mx and 
preater than 3.7 heen! 235 mee (curve C, fig. 1). sabeaba [5 | 
reported the major absorytion peak of Pa(H,) C1, as 37€-309 my . 

d. @ 9.867 x 10-2 an HNu3 solution showed only the absorbance peak 


of 0.794 at 300 mz, which can be attributed to the nitrate ion (curve 


i. oF Ze Th 


(D 


Pa(NH3)) (N stock solition showed the extrenely 


t) 
Be 
strong absorption neak of the nitrate ion and an absorbance greater than 


oA below 215 m ze (eurve Ay fipeec). These absorptions were sufficiently 


strengz te screen the known peaks of Pd(MH,)) Cl, and Pa (NH) C1, if these 
~ 


hac been present. 

The strons absorntion below 250 mxze could not be associated with 
any particular sp°ci?s, but anpeared whenever a palladium-amnmonia con- 
noundy of one form or ancthie@m, was Dreseul, Since these results indicated 
that this methiod was not feasible to determine the rate of production of 


Pa( #3.) ca further studies were abanconed, 


ee Oca 
? 
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3.00 


0.10 


0.05 


0.02 


Figure 1 


Absorbance vs Wavelength 


200 300 , 100 
Wavelength in millimicrons 


Ae 4.926 x 107? x Pa(NH, )/* prepared by 
equations 1, 2 and 3 

B. Solution (A) acidified with excess HCl until 
crystals of Pd (NH, ) C1. appeared 

C. Saturated solution of Pd (NH, )CL, crystals 


dissolved in distilled water 
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Absorbance 


3.00 


1,00 


0.50 
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Figure 2 


Absorbance vs Wavelength 


0 eee | 


200 300 L400 


Wavelength in millimicrons 


A. Pd(NH3))~ Stock Solution 


B. 9.867 x 107© N HNO, Solution 
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B. pH Measurements 

4 total of 23 runs were conducted by pH measurements, oF which five 
were discarded because of instrumer.t2]1 dirficulties and three were dis- 
carded for human errors. Seven runs were concucted on the systen of 
PA(MH,)) (N03), plus hydrogen ion and chloride ion before it was realized 
Poeeit 1S possivie to also prepare Pdy NH3)o(Nu3)5 inthis manner [11]. 
Thais, tigspossibility existed of prodicing Pa (Nit 3). C43). and/or 
Pd (043) C1, auring the course 0! =the remeron, andi therefore, the remain- 


der of the runs were conducted on the preparation of PCNA, YON 3): bey 


d(N ++ 9 ut A- « rr ta ae us 
Pd( NH )), +P? + 2N 3 Pa (NH) 5 (N 3)0 ps NH), (9) 


Throughout all of these runs the hydrogen ion concentration drovned 
at a slowly decreasing rate from t = 1) to t > 15090 seconds (curve A, 
fig. 3). Ine set of runs (711 and #13) comiucted with a very low chlo- 
ride ion concentration behaved almost identically with those without the 
chlceride ion and is also included (curve RB, fig. 3). The data for all 
the runs on Pd (MH )5 (893), are presented in the anpendix (table 3). 
Examination of table 3 shows a small difference in the hydrogen ion coi- 
centration at t = 61 seconds for two identically conducted runs; runs 
#11 and 713 in table 3b are an example. This difference resulted from 
a variation in the time of starting the clock, which was when the 
pipette bult was apprcximately half empty. Thus a few seconcs differ- 
ence in timing of two simil2r runs was very possitie. 

Since the overall reaction is a double substitution, the lozical 


choice 1s a mechanism with consecutive reactions of the type 


a 





Hydrogen Ion Concentration in Moles per Liter x 10° 


2000 


1.90 


1.80 


te 


1.60 


1.50 


1.40 


a Re, 


1.20 


Vee 


1,00 


0.90 


Figure: 3 


Hydrogen Ion Concentration vs Time 

A, Initial Concentrations (table 3a) 

-3 
NO 2 0 

Pa(NH.)) ( 3)2 1.5455 x 10 M 

H, NO - 
N ee. 0.38820 M 
B. Initial Concentrations (table 3b) 


-3 
Pa(NH3)) (NO3). 1.4040 x 107 M 


NH, NO, 0.35270 M 
KCL 9.503 x 107 Mf 
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Time in Seconds x 10. 


ae 





Ky 


‘+ Bm C+D (1) 
Ko 
B+ c —=) E+ DP (11) 


Tm gcreral torn of t!.1s results in a differerWial ecuetion for which 
there is no elementary solution. dowever, when kK, >> ko the first 
Step 1S essertiall’ cor: lete before the secon! starts, so that each 
phase of th@ reaction can be treated sepirately as a Simple second order 


reactioy.. iha integratec forn of the rate law for a single step reac- 


tion (such as ec. 1)) is 





Hey CCletl0M 7, One waeeet 1 lity Stor stems cesre, Of the su>stiteu= 
tion is 


Pa(:)) a: a, - Pd (MH), (N° 5) + NH, (13) 


Since tke ccncentration of nitrate ion in these studies wis essentiilly 
eonstar’ during the course of the reaction, Ulemapove rate law could 


properly be applied to this single step (ea. 13). Thus 





Kit = 2.393 Brest “JCR (1h) 
Ci] - [recy CH") [ Peni, 0] 


| _—— 
where kK, = k, r({ne3 ) 


Similar evuations apply to the second step of the substitution. 





In runs #16 ani #21, conducted by tne isolation technique with the 


° e * ° > a +7} 
hydrogen ion as the limiting reactant, H i, 7 (| H i was less than 
ee — 


[Paci )7* » which means that in these runs the majority of the reac- 
tion involved only the first substitution. Applying equation 12 to 
these runs resulted in reasonatly constant values of Kk, for a particu- 
lar set of point-b;-point calculations. However, the value of ky varied 


Promea,e to 2S liter depending on the value of [x] used in the 
mole sec. 


calculation. Extrapolation for the effective initial concentration of 
hydrogen ion was very difficult and of doubtful accuracy for this set 
of runs because most of the change in the concentration of hydrogen ion 
was complete within four to five minutes. This resulted in a curve of 
[at] vs time with a large initial slope which in turn led to a wide 


Bs 
range of extrapolated values of f: } ‘ 
30 


Analysis of the above set of runs brought to light a discrepancy 
in these rans, which was that the effective initial hydrogen ion con- 
centration (Ce ],) could not accurately be predicted beforehand. The 
cause of this discrepancy was the inaccuracy of the measured value of 


the pH of the Pd(NH stock solution, which resulted in inac- 


NO 

eu 32 
curate values for the initial ammonia concentration ((sH,],). This an 
turn resulted in inaccurate values of [x J, : For example, an increase 


of 0.0? pH units of the measured value of the Pd(NE3)) (Ne stock solu- 


3)2 
tion would result in a 33% decrease in Cx, for runs #1€ and #21. 
Tvs particular effect aodpearea@iaearieoreene runs, but to amilcn lesser 


extent in the others. 


15 





The best estimate from graphical analysis of runs #16 and #21 is 


that Ky is approximately 15-20 liter . To test this estimate, the 
mole sec. 


hydrogen ion concentration at t = 60 seconds of runs #®@, 9, 11, 1¢ and 
2), in which the observed hydrogen ion concentration at t = 60 seconds 


was greater than [Hy , was calculated from 





A 
Bae a By A 
where: a = 29 liter 
mole sec. 
_ + 
B. [ x ae (from table 1) 


” my \++ 
A [ Pa (nit, )} Ji, (from table 2) 


These particular runs were chosen because the observed change in hydro- 
gen ion concentration by t = 60 seconds was less than that required 
for completion of the first substitution. Therefore, the seconc step 
was assumed to have progressed to a negligible degree and thus would 
not complicate the calculation. These values are presented in tatle l. 
The cilculated values agree reasonably with the observed vilues 
and therefore the approximate value of ky ig in accord with the observa- 
tions. This value of KS incicatés thit the majority of the first 
substitution is com leted nrior to the first pH readings taken of the 
reaction solution in the other runs. |@nermfore, it is reasonible to 
assume that Ky >? Ko» anc that 1U5iSs possums to calculate k. also 
from a simple single step rate law. Applying the rate equation of the 


second substitution (similar to eq. 14) to the caita, using extrapolated 


16 
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026°S 928°9 ccl*§ 196°6 bd 
6CT°9 a? ect’ 199° 6 ae 
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values of Pry fron Curaes of [a] VS tim, resulted ina reasonably 
constant value ofr kK» for each set or runs (table 2). Thece values are 
consistent with the previous assun tion that ky >> ko . (The values 
of k., oresented in table 2 are the average value for the first €0) sec- 
: ¥ 
onds of the runs. After 60) seconds the individual values of k4 began 
tO) Ge@ge2ce Slowly, appanently as euuildivrium was aogproached. pee {ima 
} and table 3.) Yowever, comn:rison of values or ke (Rve. een ditierornt 
sats of runs at the same intial concentration of Pa (Nin )f* showed a 
small but definite difference. , 
Exymination of tatle 1 shows that in runs #1h, 22 and 23 the 
fag gy bobs-) is less than Ee which indicates that most of the 
BA 
zirst and vart of the second substitutions have occurred; whereas in 
tne remaininz runs the substitutions have not progressed as far. Since 
the hydrogen ion concentration at t = 6) seconds corresponds to dif- 
Merent deepees of propregsso' the farst anadisceeua step of the reactliom 
the observed values of k5 , calculated by usin graphically extrapolated 
values of [H ] (table 2), will show a sliyht viriation for several 
runs at the same initial concentration of Pd(NH, , but at different 
values of (HJ, - The more hycrogen ion that was consumed reacting 
with Pd (WH )f* from + = 0 to t = 60 seccndis, the lower will be the 
observed value of ka. For example, [x], - [i J nlots:) is reat 
in runs #22 and #23 than it is in runs #8 and #9, and ks (ave. ) is lower 
Sor runs #22 and #23. Thus, the variation of the observed values of 
\++ 


ka (ave.) for the same initial Pa(NH))) concentration is at least 


qualitatively accounted for. 
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Run 


ae 


a3 


ry 
Le 


Table 2 


oe yt | ko (avg) [ amy (ame PN 3! (ave) 

1.546 C +7 10 aes on sigue: 0.3686 M 
mole sec. 
1.50 0.692 eo 00} 0.3886 
1.401 eat Pee oh5 Bel, 
1.04 o canal 8 a dS Oe are? 
O./fec eee Fela Mele 
0,7 7a 2.5? 9.1951 O.19LL 
Bp a anes 9.3908 OFS Se 
1. ole we 192 0.3902 9.3896 
[cay (avg) = [MH NS, | ; - cad, 5 Ew L; 


[N By (avg) = [ Sil) No.) , eae [rac )” J 7 CH], [HJ ky 
2 


Ie; 





Log 


@.16 


0.12 


0.08 


0.04 


0,00 


Figumest 


Log [Fa (ti, ie 2 Li?) fame 
[Ht], [rac oP) 


Run #9 S 
( ¥4 
@) 
b, 
Ye f,\ 
yy 
: hazy 4 
@ L 
Gh Na 
h Run #20 
> 
y) no 
C, ip 
D fp 


‘3 


no | ey ee 


in 6 8 a 12 Ly 


Time in Seconds x io - 


Zo 


lis 





From equation ly 


k = kf( [N 3] ) 


' 
Comparing runs #8, 9, 11 and 13 with runs #14 and 20 shows ky for the 
first group to be approximitely half of the value for the second group. 
in orller to account for a lower value of k., at a higher salt concen- 


Uraeion, it appears that kK, must be equal to one of the following 





Ko Ko ore [eS 
a, + 2 Sree 
[% 3] [ MH J [mii J 


inasmuch as [way | aa[ uy] throughout. (No experimental runs were 
4 

confucted with varying ammonium or nitrate ion.) All of these forms 
indicate that an equilibrium is involved somewhere in the mecnanisn 
prior to the rate-cetermining step. However, insufficient information 
was available from these studies to arrive at any conclusions concern- 
ing the mechanism. 

The evidence collected in these studies indicates the following 


forms of the rate laws; for 


Pa(Na s+ + a ay Pa(NH,),(¥) + NEF (16) 


-<ifw] = ky, [pa(uts))*] [HJ 
a (x) 


where eri is approximately 3-l secon: 


and for 
os y os fa ++ Gio as 
Pa( nH) ,(%) + Ho ee Pd(NH,)..(¥)- : Na) (17) 
r - ~\t+ | yt) 
pa ud - ky [pa(m,) cf fat] 





(x 


wnere k, is approximately 0.2 second — 


el 





©. &,.ilibrium Relptions 
PeCeeemeeroasn tO €ouilibrium 1s 1n@gemrea ty the trend of the 
individual values of k. table 3), aproximete vilues for the possille 


eqiilibria 


xk ‘ 
pa(sH)S* + He + OY cob Pai) ,(¥)"" + NH” (16) 
PA(MHA)5(Y) 0 + HY + YEE a(n) (EY + ay (17) 
- c. ut 
" . Vs a. 
where : HAO Cie ke 3 


weme Calculated. 

Runs #16 and «#@1 involved orimarily only the first substitutioz. 
and therefore only the first equilibrium was assumed to be applicable. 
Hydrozen ion concentrations were extrapolated to t = oo by plottin,. 


[x] vs (time )7+ (see fig. 5). The other concentrations were found 


trom 
Lracat yy J + Trecaye dd - Cet], - Ce do) (18) 
[rag J = (a, - C87, (19) 
(acyt] = (en! | ae) 
fa | = See 1 @ 
OO 


. ; ” G 

from these, K, was calculat~ii to be 4.6 x 19° when Y was assuned to be 
water and 2.4 x 10' when Y was assumed to be nitrate ion, If the other 
runs, only #8, 9, and 20 could reasonably be extrapolat2d to t = o 


For these runs only the second equaiiimeiun was asswm-u to Lemapniii:at io 


f\> 
f\D 





cOT X +_(Spuooses UT dsuT]) 


O°¢ C*zZ Orc Cr Oi Se 
ee eerie ain 
2 BL 
oz# uny po 2-2 o~ 
on la) Lats 
OO oie 


4 


6f pue gf uny 


YL) 
( 4 


ae 
a od, 
we a7, 


(A cs) 


owT], Teds01dyoaey SA uoTAeIqUSsDUO0D UOT UsSoupAy 


G oamndty 


iD 


Ol 


cl 


TT 


9T 


Hydrogen Ion Concentration in Moles per Liter x 10° 


eo 





The concentratiors wer? found fron: 


[ pac ) wy] = [ Pai, pe | (assumed ) (713 
oe: O b 


oj ~4 


Leda) (2) 7 [rau (0) - (Caf, -{H} yy (22) 
[rami ian} = OF - (23) 


fay’ | = [ iy | (avg.) (from table 2) 


[vf : Runs #8 and #9 1.98 x 107? w 


Run #20 L.00 x 1074 M 


Fror these Kn w2s calculated to be 2.1 x 14 ang 3.c xX 104 when Y was 
assumed to be water, and ©.h x 1} and 1.6 x 10° when Y was assumed to 
be nitrate ion. 

These valuas are only approximate, but the, at least indicate the 


relative orders of magnitude of the equilibrium constants involved. 


2h; 





nO. 


la 


ee 
13 
Ik. 
i. 
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Table 3a 
Initial Concentrations (C = mM) 


Pa(NH3)) (NI3)5 1.5455 ¢C 





NH) NO3 0.36820 M 
time Run #8 Run #9 
seconds H (*9.29 C)  kY diver H" (29.20 C) ik! iter 
mole sec. mole sec. 
og 2.0930 C  <-=--- 2.965 GC ----- 
60 1 s7ee V666 weanee= 9 sanne 
—— tiéiiwSE 1.9168 0.766 
90 1.9257 ee. nn oe 
129 egy 0.648 108667 0.639 
150 eens, D102 Ne ceals 0.639 
160 1.7659 9.689 1.7650 0.66) 
2100 eee — eg il9 9.689 
2ho 1.6¢h,9 0.737 alc jjopl 0.700 
270 1.6202 0.72h 1.605 9.686 
309 1.5806 9.72 1.5890 Onteo 
339 oe OO) 1.5535 Vee 
360 deel Ones 1.°2hé 0.799 
390 1.heh9 Ones US snes, Vofom 
420 1.20 0.726 © ee -- =«=6—oae 
150 1.39 Gea 1.4L95 2.790 
48 1.1128 9.713 1.4161 9.649 
Bi) SS cia 0 0.716 =  aeweee ene 
EO 1.3620 Os7ag 1.3727 1.693 





time 


seconds 


879) 


EL0 

S00 

560 
1020 
1080 
110 
1200 
1260 
1320 
1380 
14L0 
1500 
1800 
210) 
24,00 


3002 


Table 3a (cont'd) 


Run #8 
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1.3327 
1.2968 
1.2669 
Wee 
dee) 
1.226 


Run #9 





Table 3b 


Initial Concentrations (C = mM) 


Pd (NH3)).(N03)5 1.40L 








Nid) Ns "). 3527M 

KCI 9.50 x 107M 
time Run #11 Run #13 
seconds H”(t9.30 C) xk! liter H* (£9.30 C) kt liter 

mole sec. mole sec. 

oF 1.7221 C =e 1.6916 C ----- 

60 1.0283 Omics ey 0.666 

90 1.5820 0.683 Be 520 0.800 
120 1.5661 0.57 he 5 Leh 0.666 
150 1.5205 0.628 1.4636 O2GKO 
180 1.162); O72 1.423 0: 795 
219 1.4276 1.689 Weoc> Oye 
21:0 irs 6 a Orel a3 5 0.783 
en) 12S SuD Onn eD Lee OF Fe 
309 143207 N76 ipecie 0.786 
360 1.256 pee il cee 0.767 
L290 Nae Ue ».7L1 Aa Wicte 9. Mee 
480 Hl 53 Osten 1.122 9.783 
Sho ea ysilks Og oe 186 oe fat 
600 1.9796 0.748 PAB 1 Bay ale 
660 1 9643 0.724 1. Hes e793 
720 Lass sPyel: 1.92ee 0.672 


2& 





Table pb (cont'd) 


time Run #11 Run #13 
seconds Ht k! H* k! 
789, wee C —_ wewee 1.9058 C 0.663 
or ia) 0.9902 0.581 0.9988 0.628 
900 Oeoioe 0.655 0.9772 0.600 
1920 9.9552 wees 0.9606 jj ----- 
1140 0.965 = = 9 ---=- 0.9458... > ioeeaaee 
1269 O.93L1 = = ----- 0.9312 = -a--- 
1380 ee 8 CC eee Olegiy i eeeee 
1500 1.9011 9 ----- 9.9197 9 ----- 
1809 0.9105 Case 0.9105 0.380 


ag 





Table 3c 


Initial Concentrations (C = mM) 


Pd(NH3)) (N03), Mer i2e C 

NH) NO, 0.191 M 
time Run #14 
seconds H (49.1) G) 

om 3.2072 C 
60 3.925 

949 269235 

120 Peele 
150 2 Cura. 
180 2.8361 
210 2.8010 
2ho 2. 7558 
270 eu lete 
300 2.7130 
360 2.677k 
420 2 O42 
4,80 2 Ole 
540 2.5812 
609 aoe 
660 ese 
720 2.5080 
780 2 L266 


30 


k' liter 
mole sec. 





1.222 
1.136 


lveoo 














Tabled 





NH. tf ) 
NH, Nv 
oe 
Lime 
seconds 


aw 


60 





7 Ta8wC 


(ca. 


pis ests 
E.G 38 
F 6686 
a. 10 
Clon 
7 «9204 
pret fe 
7 ue? 
1. eee 
7 DEE® 
6.2795 
Citi 


& 92 


M 


De) 


C 


Run #2. 





ks 
mole 


0 


ee a 


71.625 


1. 


126%) 


later 




















Mriitial “oOueencrations UG = 


PA(NH,)) Gra). 


1.5455 Cc 


Owe 020 M 


Run #22 


Mie 
1.1993 
ae P28) 
G 702 
© 039 
© .7L05 
5 67005 
5.6969 
5.0783 
5.0871 
oh eke 


: 6605 


5 ola 7D 


ie eas 





role See. 


1.713 
Vee 
9.215 
0.294 
0.261 
0.268 
b.219 
0.208 
Jae 
0.165 


0.218 






nH Co Peaeae 


6.2 Se 
© 9229 
c.7PEo 
©9312 
eer 


5 B89 


Run #23 





es 


—s on a 
- -—_ en = 


Ojnes 
16280 
eae 
Y.19P 





time 


seconds 


a lstials 
Pm369) 
Seueee 
el 
ae ale 
eee) 
Se SE 
eerkeioak 
Siler 
5.0921 
pele 
9797 
4.9233 
LL. °S98 
4 .€743 


Ryn 


wf 
~/ 


a 


Me 32 (cont'§) 


_ ee =e 


=e oe =. - aD 


—_= =p «2 = #2 


5. Lez 
on 3? 
ree 


© 0053 


e776 


= =p @ «<9 «< 


=e = = = 


=e =e ee a= ap 





Tattle 3f 


Initial Cconcentritions 


Patis), (ie), 9 7.7?" x 10M 


V3, | T1910 M 
time Rut m5 Run 4a 
SePCOncs H (t1.5 x ine a* (47.6 1459 
Q* 12.467 x 1o°' 1l.ljee x Meee 
A 1). OH: 13.936 
52) L).u73 BD SE 
ap fet ay 
150 pe? OT ie. 921, 
19 9.°%6L7 9.9325 
219 OT hati 9,°L66 
eho os) 9.78SE 
a t—“i‘C D.1L® 
sae ererG  t—~—“‘é‘ Cee 
33) 9.5322 Gut lee 
369 6.6 392 G.67%6 
20 9.5078 9.0279 
1&o oes ono 
ee 9 .5uLe 
699 $5078 9.5598 
660 9.270  aeeeee 
720 9.2191. 9.5890 


3¢ 





time 
seconds 
780 
80 
900 
1200 
1500 
1800 
3000 
3600 


5000 


Table 3f (cont'd) 


Run #16 


+ 


H 


9.2886 x 10-7 Mm 


9.2812 
9.3030 
9.2308 
9.219), 
8.9312 
8.840 


37 


Run #21 


q* 


9.548 x 107! M 


9.5076 
9.5210 
9.2956 
9.058 




















